Abstract-Quasi-optical imaging at sub-THz frequencies has a major impact on fusion plasma diagnostics. Millimeter-wave imaging reflectometry utilizes microwaves to actively probe fusion plasmas, inferring the local properties of electron density fluctuations. Electron cyclotron emission imaging is a multichannel radiometer that passively measures the spontaneous emission of microwaves from the plasma to infer local properties of electron temperature fluctuations. These imaging diagnostics work together to diagnose the characteristics of turbulence and magnetohydrodynamic activity. Important quantities, such as amplitude and wavenumber of coherent fluctuations, correlation lengths and decorrelation times of turbulence, and poloidal flow velocity of the plasma, are readily inferred.
T
HOROUGH diagnosis of tokamak plasma fluctuations leads to a better understanding of conditions that achieve optimal fusion performance. Reflectometry is an active, radarlike diagnostic frequently employed to nonperturbatively probe the density of fusion plasmas. Millimeter-wave imaging reflectometry (MIR) probes the plasma with multiple, simultaneous frequencies, producing 2-D images of electron density fluctuations. Imaging reflectometry was originally conceived to address concerns where conventional reflectometry falls short, namely issues with coupling of the probe and reflected signals into and out of the plasma [1] - [3] . Perturbations on the cutoff (reflection) surface impart a phase modulation on the reflected beam. This phase modulation is precisely the quantity measured with MIR, from which information about the density fluctuations can be inferred. Without careful imaging of the reflected radiation, data are often no more meaningful than scattered glare. When radiation is properly imaged, a picture, as the eye would see, emerges. multiple probe frequencies and spatially separated sightlines to generate a 2-D array of density fluctuations. It is the first to employ a nonplanar imaging array where the antenna detectors lie on an arch of a circle, which produces a focal plane in the plasma that closely matches that of the cutoff. The result is a highly sensitive mm-wave camera that produces unprecedented images of density perturbations with robustness and clarity.
Where densities are appreciable, tokamak fusion plasmas are good blackbody radiators. Therefore, in the majority of the plasma, the electron cyclotron emission from the plasma depends only on the electron temperature. Electron cyclotron emission imaging (ECEI) measures this radiation for multiple frequencies; it is an extension of the traditional single-chord radiometer, employing multiple spatially separated sightlines [3] , [4] . The detectors are broadband, capable of simultaneously measuring the amplitude of the radiation for multiple frequencies and enabling the system to generate a 2-D array of temperature fluctuations.
Providing spatiotemporal-resolved pictures of turbulence and magnetohydrodynamic (MHD) eigenmodes, mm-wave imaging diagnostics allow for analysis of radial and poloidal correlation lengths, fluctuation wavenumbers, and both the phase and flow velocity of propagating modes. Individually, MIR and ECEI provide spectral and structural information about turbulence and MHD. The combined MIR and ECEI system on DIII-D (simultaneously measuring electron density and temperature fluctuations of the same plasma region) provides the capability to infer coherence and phase relations between the two fundamental plasma properties. One example of characterization and simultaneous visualization of MHD is presented in the following.
In tokamaks, the so-called high confinement or H-mode regime is a promising scenario for steady-state operation, as sought for a commercial reactor. H-mode plasmas are characterized as having a prominent edge transport barrier or pedestal, evident as steep gradients in electron density and temperature. However, periodic bursts of energy, particles, and momentum associated with edge-localized modes (ELMs) frequently plague H-mode plasmas, limiting the height of the pedestal and leading to increased edge transport. A clear understanding of the mechanisms leading to an ELM burst would help to refine or devise ELM avoidance and suppression schemes. A myriad of spectral features can be observed on fluctuation diagnostics during ELM activity. Example spectrograms from MIR and ECEI during several ELM bursts are shown in Fig. 1(a) and (b) . The broadband, short bursts are ELMs, and the frequency-localized spectral features suggest that edge stability is poor. Careful diagnosis of these modes provides a means to benchmark theoretical models, which serve to ultimately provide insight into the causality of ELM onset.
Characterizing the physical structure of such fluctuations is less ambiguous when the measurement is made in multiple dimensions. In this regard, MIR and ECEI excel. Fig. 1(c) and (d) is 2-D image reconstructions of the density and temperature fluctuation for the mode at t = 1860 ms and f = 66 kHz. The images are generated by Fourier transforming the raw signals (phase from MIR and amplitude from ECEI) and recording the amplitude of the spectrum for a particular frequency component. The images are contour plots of these values for the array ensemble. For this particular discharge and time, the ECEI window covers ∼30-cm poloidally and 18-cm radially, while MIR covers ∼20-cm poloidally and 8-cm radially. The arrays overlap and are centered on the midplane at the far edge of the plasma on the low-field side. The fluctuation has a periodic poloidal structure (vertical direction in the image) and it appears to peak near the last closed flux surface (far right side of the image). Each frame represents 1/8th of the period of the fluctuation, and the frames are separated by 1.9 μs. Calculation of the cross-phase between neighboring pixels reveals the poloidal wavelength and wavenumber of the mode (λ = 30 cm, k = 0.2 cm −1 ). The low wavenumber and the peaking of the mode amplitude at the plasma edge are suggestive of a ballooning-type instability where a ripple or periodic bulging of the plasma occurs.
Beyond ELM-related events, MIR and ECEI diagnose a multitude of activity such as the edge harmonic oscillator in quiescent H-mode plasmas and edge plasma response associated with core tearing modes. The ECEIs ability to robustly image deep into the plasma makes it a unique diagnostic for measuring the structure of core activity, such as Alfvén eigenmodes [5] , tearing modes [6] , and sawtooth oscillations [7] , all of which can deteriorate confinement.
